Background/Aims: Previous studies imply that telocytes may have a protective effect on fibrosis in various organs, including the liver, colon, and heart. The effect of telocytes on renal fibrosis remains unknown. Herein, this study was designed to investigate the effect of telocytes on renal fibrosis and the potential mechanisms involved. Methods: In a unilateral ureteral obstruction (UUO)-induced renal fibrosis model, telocytes were injected via the tail vein every other day for 10 days. The degree of renal damage and fibrosis was determined using histological assessment. The expression of collagen I, fibronectin, epithelial-mesenchymal transition markers, and Smad2/3 phosphorylation was examined by western blot analyses. Real-time PCR and enzyme-linked immunosorbent assay were performed in vivo to detect the levels of transforming growth factor (TGF)-β1 and various growth factors. Results: Telocytes attenuated renal fibrosis, as evidenced by reduced interstitial collagen accumulation, decreased expression of fibronectin and collagen I, upregulation of E-cadherin, and downregulation of α-smooth muscle actin. Furthermore, telocytes decreased serum TGF-β1 levels, suppressed Smad2/3 phosphorylation, and increased the expression of hepatocyte growth factor (HGF) in rat kidney tissue following UUO. Blockage of HGF counteracted the protective effect of telocytes on UUO-treated kidneys. Through the detection of HGF mRNA levels in vitro, we found that telocytes had no effect on HGF expression compared with renal fibroblasts. Conclusion: Telocytes attenuated UUO-induced renal fibrosis in rats, likely through enhancing the expression of HGF in an indirect manner.
Transplantation of Telocytes Attenuates Unilateral Ureter Obstruction-Induced Renal Fibrosis in Rats
. Subsequently, the samples were digested with 10 mg/mL collagenase type II and 2000 U/mL deoxyribonuclease I (Sigma-Aldrich). Dispersed cells were collected and separated by filtration through a 40-µm diameter cell strainer (BD Falcon, San Jose, CA, USA). Then, the collected cells were cultured with Dulbecco's modified Eagle's medium (DMEM)/F12 (Shanghai BioSun Sci&Tech Co., Ltd., Shanghai, China). After 2-4 h of culture, renal glomerulus and tubule cells were removed. At 24 h later, fibroblast-like cells were scratched and removed under a phase contrast microscope (Olympus, Tokyo, Japan) and the cells with prolongations were kept.
Renal fibroblasts (NRK-49F) were purchased from the Aiyan Biological Research Company (Shanghai, China) and maintained in high-glucose DMEM (Shanghai BioSun Sci&Tech Co., Ltd.). The rat renal tubular epithelial cell line NRK-52E was purchased from the Shanghai Branch of the Chinese Academy of Science (Shanghai, China) and cultured in DMEM/F12. NRK-49F and telocytes were seeded into Petri dishes (n = 3 each), each dish containing 1.0 × 10 6 cells. After culture for 3 days, RNA was harvested from the NRK-49F cells and telocytes and used for real-time PCR analysis.
Transwell (Corning, Corning, NY, USA) was used for the co-culture experiment. The surface plates were seeded with NRK-49F cells or telocytes (n = 3 each), and the ground plates were all seeded with NRK-52E cells. We added 100 µL transforming growth factor (TGF)-β1 (3 ng/mL; PeproTech, Inc., Rocky Hill, NJ, USA) to the ground plates. After co-culture for 3 days, RNA was extracted from the NRK-49F cells and telocytes and used for real-time PCR analysis.
The cells were divided randomly into 4 groups: control group, TGF-β1 group, telocyte group, and fibroblast group. In the control and TGF-β1 groups, 1.0 × 10 5 NRK-52E cells plus 100 µL phosphate-buffered saline (PBS) or TGF-β1 were added to a 6-well plate; in the telocyte and fibroblast groups, a 6-well Transwell was used. The surface plates were seeded with NRK-49F cells or telocytes, and the ground plates were all seeded with NRK-52E cells. We added 100 µL TGF-β1 to the ground plates. After co-culture for 3 days, protein was harvested from the NRK-52E cells and used for western blot analysis.
UUO-induced renal fibrosis model
The rats were allocated randomly into six groups: sham group, UUO group, fibroblast group, telocyte group, anti-hepatocyte growth factor (HGF) antibody group, and IgG group (n = 5 each). A UUO-induced renal fibrosis model was produced as described previously [28] . Briefly, the rats were anesthetized with pentobarbital (40 mg/kg). Then, the abdominal cavity was exposed, the left ureter was identified and ligated at two points with non-absorbable 5-0 silk sutures, and was cut between the ligatures. We injected 1 mL normal saline before closing the abdomen. The rats in the sham group underwent the same procedure, during which their ureters were manipulated but not ligated. In the fibroblast and telocyte groups, the rats were subjected to the same operation and 1.0 × 10 6 fibroblasts or telocytes were injected, respectively, via the tail vein every other day for 10 days. In the anti-HGF antibody and IgG groups, 5 mg/kg anti-HGF antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or IgG (Cell Signaling Technology, Inc., Danvers, MA, USA) was injected, respectively, via the tail vein every 5 days.
Hematoxylin and eosin (H&E) staining
Paraffin-embedded rat tissues were cut into 5-mm sections and subsequently deparaffinized and rehydrated before H&E staining. The severity of renal interstitial injury was evaluated under light microscopy at 200× magnification. Tissue sections from the sham, UUO, fibroblast, and telocyte groups were evaluated for tubular dilation, interstitial expansion, and inflammatory infiltrate on a scale of 0-3: 0, normal tubulointerstitium; 1, mild (≤25%); 2, moderate (>25% to 50%); and 3, severe (>50%), according to Lin et al [29] .. Ten fields on each specimen were selected randomly and examined blindly by two examiners. The mean values of these estimations were used in the analyses.
Masson staining
After deparaffinization and rehydration, the sections were stained with Weigert's iron hematoxylin at room temperature for 5-10 min. The samples were then washed in water, polarized in acidic ethanol, and stained in Ponceau for 5-10 min. The slides were subsequently washed in phosphomolybdic acid and stained in Aniline blue. Ten fields of each specimen were chosen randomly and analyzed using Image-Pro Plus software 6.0 (Media Cybernetics, Rockville, MD, USA) to evaluate the degree of renal fibrosis. 
Sirius red staining
After being deparaffinized and rehydrated, the sections were incubated with a 0.1% Sirius red solution at room temperature for 1 h. The slides were then washed twice in acidified water, dehydrated thrice in absolute alcohol, and cleared in xylene. Ten fields of each specimen were chosen randomly and analyzed using Image-Pro Plus software 6.0 (Media Cybernetics) to evaluate the degree of renal fibrosis.
Immunofluorescence staining
After purification, isolated renal telocytes and NRK-49F cells were fixed on a coverslip by using icecold methanol for 20 min, and then incubated with 5% serum for 30 min at room temperature. The cells were later incubated with primary antibodies overnight, including anti-CD34 (Abcam, Cambridge, UK), anti-CD117 (Abcam), and anti-vimentin (EPIT MICS, Hangzhou, China) antibodies. Next, Alexa-donkey (Boster Biological Technology Co., Ltd., Wuhan, China) or FITC-goat anti-rabbit IgG (Jackson, West Grove, PA, USA) was added and incubated at room temperature for 1 h. The cells were lastly counter-stained using DAPI.
The cells were examined by double immunofluorescence staining for CD34 and CD117. After being blocked with 5% serum, anti-CD34 and anti-CD117 antibodies were added and incubated at 4°C overnight. Next, Alexa-donkey anti-rat IgG was added and incubated at room temperature for 1 h. Subsequently, FITCgoat anti-rabbit IgG was added and the cells were incubated for 1 h. The cells were lastly counter-stained using DAPI.
After deparaffinization and rehydration, the sections were washed with PBS. An anti-rabbit α-smooth muscle actin (SMA) antibody (Abcam) was added and incubated at 4°C overnight. Next, Cy3-goat antirabbit IgG (Boster Biological Technology Co., Ltd.) was added and incubated at room temperature for 1 h. Subsequently, an anti-mouse E-cadherin antibody (Boster Biological Technology Co., Ltd.) was added and incubated at 4°C for 12 h, followed by FITC-goat anti-mouse IgG (BA1101; Boster Biological Technology Co., Ltd.) for 1 h. Lastly, the sections were counter-stained by using DAPI.
Western blot analysis
Twenty micrograms protein was extracted from each kidney tissue sample, separated via 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred onto a polyvinylidene difluoride membrane. Primary antibodies, including anti-collagen-I (Abcam), anti-fibronectin (Abcam), anti-Ecadherin (Cell Signaling Technology), anti-α-SMA (Cell Signaling Technology), anti-GAPDH (Cell Signaling Technology), anti-p-Smad2 (Cell Signaling Technology), anti-p-Smad3 (Cell Signaling Technology), antiSmad2/3 (Cell Signaling Technology), anti-ZEB1 (Cell Signaling Technology), anti-Snail (Cell Signaling Technology), and anti-HGF (Abcam) were incubated with the membrane at 4°C overnight under gentle shaking. After thorough washing, a horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (Abcam) was added at room temperature for 1 h and visualized using an enhanced chemiluminescence system (Thermo Fisher Scientific, Rockford, IL, USA). Band intensity was analyzed by ImageJ and normalized to the value of GAPDH.
Enzyme-linked immunosorbent assay (ELISA) for serum TGF-β1
TGF-β1 levels in the serum samples were measured using a commercially available ELISA kit (Shanghai Xitang Biotechnology Co., Ltd., Shanghai, China) according to the manufacturer's instructions.
Quantitative real-time PCR
Total RNA was extracted from kidney tissue using the TRIzol reagent (Invitrogen, Carlsbad, CA). Four micrograms RNA was reversely transcribed into cDNA using a RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Inc.) in accordance with the manufacturer's instructions. Real-time PCR was performed using a Mastercycler ep realplex system (Eppendorf, Hamburg, Germany). The thermocycling conditions were as follows: incubation for 2 min at 50°C and 10 min at 95°C, which was then followed by a 2-step PCR program of 95°C for 15 s and 60°C for 20 s for 45 cycles. The levels of target genes were analyzed by reference to the value of GAPDH using the 2 −ΔΔCt method. Gene-specific primers for rat fibronectin, collagen I, TGF-β1, HGF, PDGF, BMP7, EGF, IGF-1, HO-1, and GAPDH were synthesized according to sequences listed in Table 1 . 
Results

Identification of renal telocytes
As shown in Fig. 1A , the primary culture of isolated telocytes was positive for CD34, CD117, and vimentin. Their prolongations also displayed alternating thick and thin segments. In contrast, fibroblasts were positive for vimentin, while negative for CD34 and CD117 (Fig. 1B) . The purity of the isolated renal telocytes was determined by double immunofluorescence staining of CD34 and CD117. As shown in Fig. 1C , 96.36 ± 2.06 of the total cells were CD117-positive, while 95.00 ± 2.68 were CD34-positive and 94.36 ± 2.20 were both CD34-and CD117-positive.
Transplantation of telocytes attenuates UUO-induced renal injury and collagen deposition
At 10 days after UUO, H&E staining was performed in all groups to assess the degree of renal injury. As shown in Fig. 2 , tubular structures had normal morphology and were neatly arranged in the sham group, while severe tubular dilation, interstitial expansion, and inflammatory cell infiltration were observed in the UUO group (for all online suppl. material, see www.karger.com/doi/10.1159/000489445, Suppl. Fig. 1 ). In contrast, transplantation of telocytes effectively attenuated tubulointerstitial lesions, while transplantation of fibroblasts led to no obvious change compared with the UUO group.
Sirius red and Masson staining were performed to detect collagen deposition. Compared to the sham group, there was a marked increase in collagen accumulation in the interstitium of kidney tissue in both the UUO and fibroblast groups, while transplantation of telocytes led to significantly less interstitial collagen deposition, though such results may not be comparable with the sham group. Besides, urine was collected from sham, UUO, fibroblast and telocyte groups, and urinary proteinuria was detected, but no significant difference was observed among groups (see online suppl. material, Suppl. Fig. 2 ), which may be due to the fact that the ureter was ligated into two points, and was cut between the ligatures, blocking urine containing proteinuria from the bladder.
Transplantation of telocytes reduces the deposition of ECM in kidney tissues
Fibronectin and collagen I are major components of ECM. As shown in Fig. 3A , the mRNA levels of fibronectin and collagen I were significantly increased in the UUO group compared with the sham group. Telocyte transplantation significantly decreased the levels of these indicators, whereas transplantation of fibroblasts did not lead to a significant change compared to the UUO group; these results were further confirmed by western blot. As shown in Fig. 3B , the expression of fibronectin and collagen I was obviously higher in both the UUO and fibroblast groups in comparison with the sham group, but telocyte treatment produced significantly lower expression of these indicators, though such results may not be comparable to the sham group, suggesting that the transplantation of telocytes reduced the deposition of ECM. 
Telocyte transplantation inhibits epithelial-mesenchymal transition (EMT) in kidney tissue
EMT is the process underlying the change of epithelial cells to mesenchymal cells, which plays vital roles in the progression of renal fibrosis. The epithelial marker E-cadherin and the mesenchymal marker α-SMA were examined to assess EMT. As shown in Fig. 3C , western blot analysis revealed the slight expression of α-SMA in the sham group, while its expression was increased at 10 days after UUO. In contrast, the enhanced expression of E-cadherin was observed in the sham group and was significantly lower in the UUO group, indicating renal fibrosis. However, compared with the UUO group, telocyte transplantation led to a significant decrease of α-SMA expression and increase of E-cadherin expression, while fibroblast transplantation showed no such effects. Similar results were also obtained from immunofluorescence staining (Fig. 4) . These findings suggest that renal fibrosis occurred after UUO, as evidenced by the downregulation of E-cadherin and upregulation of α-SMA. Transplantation of telocytes, but not fibroblasts, could partially reverse the change in the expression of these proteins, indicating its effect on the inhibition of EMT in kidney tissue.
Telocytes treatment decreases TGF-β1 expression and its downstream signaling pathway in kidney tissue
TGF-β1 is considered one of the most important regulators of renal fibrosis. To explore whether the attenuation of renal fibrosis by telocytes involved TGF-β1, its levels were Fig. 5A , the mRNA levels of TGF-β1 were significantly elevated in the UUO group compared with the sham group, yet telocyte transplantation treatment seemed to decrease its levels, while transplantation of fibroblasts exhibited no such effect. TGF-β1 levels in serum were also significantly increased in the UUO and fibroblast groups compared to the sham group. However, though higher than those of the sham group, TGF-β1 levels were significantly lower in the telocyte group than in the UUO and fibroblast groups. These results revealed that telocyte treatment decreased TGF-β1 expression.
To investigate further whether the TGF-β1 signaling pathway is affected by telocyte treatment, western blot analysis was performed to detect the phosphorylation of Smad2/3. As shown in Fig. 5B , Smad2 and Smad3 phosphorylation was barely detectable in the sham group, yet it was significantly higher at 10 days after UUO. Telocyte treatment significantly blunted the increased phosphorylation of Smad2 and Smad3 brought about by UUO, while treatment with fibroblasts displayed no such effects. Snail and ZEB1 are target genes regulated by the Smad complex. Western blot analysis revealed the obviously higher expression of Snail and ZEB1 in both the UUO and fibroblast groups compared with the sham group. Telocyte treatment led to the decreased expression of Snail and ZEB1, suggesting Fig. 6B , the mRNA levels of HGF were high in the sham group, but significantly lower in both the UUO and fibroblast groups. Treatment with telocytes was able to enhance its expression. To confirm this result further, western blot analysis was performed to detect the expression of HGF. Besides, to verify whether TC transplantation allows the reconstruction of the TC interstitial network in the kidneys of UUO rats, we detected CD34 staining using immunohistochemistry and found that compared with sham group, lower expression of CD34 was detected in UUO group. Treatment with fibroblasts or TCs showed no obvious improvement in the expression of CD34 in interstitial area (see online suppl. material, Suppl. Fig. 4 ).
Blockage of HGF aggravates renal fibrosis
To investigate further the potential mechanism involved in the telocyte-mediated attenuation of renal fibrosis, western blot analysis was performed targeting the TGF-β1 signaling pathway and renal fibrosis indicators after blocking HGF with an anti-HGF antibody. As shown in Fig. 7A , compared with the telocyte group, HGF expression was significantly lower in the anti-HGF antibody group, suggesting that treatment with the anti-HGF antibody successfully blocked HGF expression. Moreover, blocking HGF significantly increased the phosphorylation of Smad2/3 compared with the telocyte group, suggesting that blockage of HGF enhanced TGF-β1 signal pathway transduction. These changes were also accompanied by the enhanced expression of fibronectin, collagen I, and α-SMA as well as the decreased expression of E-cadherin, suggesting that blockage of HGF aggravated renal fibrosis.
HGF is not secreted directly by telocytes
To investigate whether the elevated expression of HGF was attributed to its secretion from telocytes, HGF mRNA levels were detected in fibroblasts and telocytes under two conditions. The mRNA levels of HGF were significantly lower in telocytes compared with fibroblasts under culture conditions. To explore whether HGF levels were affected by fibrotic conditions, a TGF-β1-induced renal fibrosis model was used. Surprisingly, even under TGF-β1-induced fibrotic conditions, HGF mRNA levels were higher in fibroblasts than in telocytes, suggesting that the elevated levels of HGF within the system were not secreted directly by (Fig. 7B) . Furthermore, western blot analysis revealed that compared with control group, the expression of E-cadherin was obviously lower, while α-SMA expression was higher in the TGF-β1 group. Co-culture with fibroblasts or telocytes did not alter the expression of these proteins, implying that telocytes have no effect on TGF-β1-induced renal fibrosis in vitro (Fig. 7C ).
Figure 4
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Discussion
In this study, we found that the transplantation of telocytes inhibited ECM production and attenuated renal fibrosis in rats with UUO. The underlying mechanism may be mediated by the indirect secretion of HGF and inhibition of TGF-β1 production and its downstream signaling pathway (Fig. 8) . 
: Telocytes Attenuates Renal Fibrosis
Telocytes were first identified in the renal cortex by our team in 2012 [16] , and the biological function of these cells in the kidney was subsequently explored. Li et al. of our laboratory found that transplantation of renal telocytes protects against renal ischemia reperfusion injury in rats, and the mechanism might be mediated by paracrine growth factors, including HGF, PDGF, IGF-1, and EGF, instead of inhibition of inflammation [22] . However, other potential biological functions of telocytes have not been explored, driving us to investigate the biological effect of these cells on renal fibrosis.
Renal fibrosis is the final consequence of renal disease, resulting in end-stage renal failure via the destruction of the kidney parenchyma and progression of renal malfunctions [30] . The normal overexpression and pathological accumulation of ECM components, such as fibronectin and collagen I, result in ECM deposition [31] , thereby decreasing the glomerular infiltration rate, deteriorating renal function, and eventually leading to renal failure. In Cellular Physiology and Biochemistry
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our study, we demonstrated that fibronectin and collagen I are significantly decreased by treatment with telocytes at both the protein and gene levels. EMT, defined as the loss of epithelial characteristics and the acquisition of a mesenchymal phenotype, plays a vital role in the progression of fibrosis in the kidney [32] . During the process of EMT, tubular epithelial cells lose their phenotype (such as E-cadherin) and transform into fibroblasts/myofibroblasts, gaining a mesenchymal phenotype (such as α-SMA) [33] . The enhanced conversion of renal tubular epithelial cells into fibroblasts/myofibroblasts leads to the disruption of polarized renal tubular epithelial layers and increase of fibrotic scar formation [32] . In the present study, we demonstrated that the expression of the epithelial marker E-cadherin and mesenchymal marker α-SMA are reversed by telocytes treatment compared with the UUO and fibroblast treatment groups.
The TGF-β superfamily contains various highly pleiotropic molecules, including activin, inhibin, bone morphogenic protein (BMP), and TGF-β [34] . Among them, TGF-β has been considered a key mediator of renal fibrosis with three subtypes, namely, TGF-β1, TGF-β2, and TGF-β3 [35, 36] . TGF-β1 is the most plentiful mediator and can be secreted by all cells in the kidney. After being secreted, TGF-β1 binds to latency-associated peptide (LAP), forming latent TGF-β1, which subsequently binds to latent TGF-β-binding protein (LTBP) in target tissue to form a complex. When this complex is exposed to multiple stimulating molecules, such as reactive oxygen and plasmin, TGF-β1 is released from LAP and LTBP and turns into active TGF-β1 [37, 38] . Previous studies indicated that TGF-β1 exerts its biological functions in various manners, including the induction of ECM production [39] , induction of cell loss through apoptosis [36] , and direct induction of the transition of tubular epithelial cells to myofibroblasts [4, 39] . In the present study, we found that the transplantation of telocytes in rats significantly decreased TGF-β1 at both the protein and gene levels. The TGF-β1/Smads signaling pathway is one of the most important pathways involved in renal fibrosis. The binding of TGF-β1 and its receptor triggers the phosphorylation of Smad2 and Smad3. Once combined with Smad4, the Smad complex is formed. The complex is then transferred to the nucleus to regulate target gene transcription, including Snail and ZEB1, and thus resulting in renal fibrosis [4, 40, 41] . In the present study, we detected significantly increased phosphorylation of Smad2 and Smad3 and the expression of Snail and ZEB1 in the UUO group; while telocyte treatment was able to decrease the phosphorylation and expression of these proteins, fibroblast treatment did not result in a significant change. The PI3K/AKT and ERK/MAPK signaling pathways have also been considered to participate in renal fibrosis, yet the findings of this study indicate that there was no significant difference in the levels of p-Akt and p-ERK1/2 among the UUO, fibroblast, and telocyte groups.
HGF, EGF, PDGF, CTGF, BMP7, IGF-1, and HO-1 have been commonly recognized as cytokines that closely correlate with the occurrence of renal fibrosis [42] [43] [44] [45] [46] [47] [48] [49] . EGF, PDGF, CTGF, and IGF-1 contribute to the progression of renal fibrosis [43] [44] [45] , while HGF, BMP7, and HO-1 attenuate renal fibrosis by counteracting the effect of TGF-β [42, 47, 50] . In the present study, we found no significant difference among the UUO, fibroblast-treated, and telocyte-treated groups in terms of EGF, PDGF, CTGF, BMP7, IGF-1, and HO-1. In contrast, HGF was significantly elevated at both the protein and gene levels compared with the UUO and fibroblast groups, suggesting that HGF may be secreted as a response to elevated TGF-β1 levels, thus attenuating renal fibrosis.
To investigate the effect of HGF blockage on the TGF-β1 signaling pathway and renal fibrosis, we examined the TGF-β1/Smads pathway and indicators of renal fibrosis after using an anti-HGF antibody. We found that the application of the anti-HGF antibody clearly decreased HGF expression. Moreover, decreasing the expression of HGF significantly enhanced TGF-β1/Smads pathway transduction. Enhancement of TGF-β1/Smads pathway transduction increased the expression of fibronectin, collagen I, and α-SMA and decreased the expression of E-cadherin. These results indicate that telocytes may attenuate renal fibrosis through the secretion of HGF.
We also examined the mRNA levels of HGF in fibroblasts and telocytes in vitro. The mRNA levels of HGF were significantly higher in fibroblasts than in telocytes. A TGF-β1-induced renal fibrosis model was examined to explore whether HGF secretion was affected by pathological conditions, yet a similar result was observed. Besides, in the TGF-β1-induced renal fibrosis model, no significant difference was observed in the expression of E-cadherin and α-SMA among the TGF-β1, fibroblast, and telocyte groups, suggesting that telocytes might promote HGF secretion in an indirect manner. This is consistent with a previous study, in which HGF was significantly elevated in a telocyte-treated ischemia reperfusion injury model to act as a vital paracrine regulator and protect against apoptosis [22] .
Conclusion
This study revealed that telocytes attenuate UUO-induced renal fibrosis in rats. The underlying mechanism may involve the indirect enhancement of HGF by telocytes and subsequent decrease of TGF-β1 and neutralization of its downstream effect.
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry
